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Abstract: 28
Renal macrophages represent a highly heterogeneous and specialized population of myeloid cells with 29 mixed developmental origins from the yolk-sac and hematopoietic stem cells (HSC). They promote both 30 injury and repair by regulating inflammation, angiogenesis, and tissue remodeling. Recent reports 31 highlight differential roles for ontogenically distinct renal macrophage populations in disease. However, 32 little is known about how these populations change over time in normal, uninjured kidneys. Prior reports 33 demonstrated a high proportion of HSC-derived macrophages in the young adult kidney. Unexpectedly, 34 using genetic fate-mapping and parabiosis studies, we find that yolk-sac-derived macrophages 35 progressively expand in number with age and become a major contributor to the renal macrophage 36 population in older mice. This chronological shift in macrophage composition involves cellular 37 proliferation and recruitment from circulating progenitors and may contribute to the distinct immune 38 responses, limited reparative capacity, and increased disease susceptibility of kidneys in the elderly 39 population. 40
Tissue-resident macrophages constitute a highly heterogeneous and specialized population of myeloid 41 cells, reflecting the diversity of their developmental origins and tissue microenvironments [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In 42 addition to their critical roles in host defense against pathogens, macrophages are central to sterile 43 inflammation, angiogenesis, and tissue remodeling, making them an attractive target for therapeutic 44 intervention. Tissue-resident macrophages originate from at least three distinct progenitors: (i) 45 macrophage colony-stimulating factor 1 receptor (CSF1R)-positive yolk-sac macrophages; (ii) CX3C 46 chemokine receptor 1 (CX3CR1)-positive yolk-sac macrophages, also known as pre-macrophages; and 47 (iii) embryonic and neonatal hematopoietic stem cells (HSC) [1] [2] [3] [4] [5] [6] [7] [8] [9] . These populations are maintained in 48 situ by self-renewal, largely independent of adult hematopoiesis [1] [2] [3] [4] [5] [6] [7] [8] [10] [11] [12] . 49
Most tissues have mixed populations of different ontogenically-derived macrophages, and their 50 relative contributions and temporal kinetics are tissue-specific. For example, microglia, Kupffer cells, 51
and Langerhans cells originate from the yolk-sac, with minimal contribution from HSCs [2] [3] [4] [5] [6] 11] . 52 However, macrophages in the intestinal wall are rapidly replaced by HSC-derived macrophages after 53 birth [13] . Importantly, investigators now recognize that macrophage ontogeny contributes to their roles 54 in disease processes such as cancer progression; in pancreatic cancer, for example, yolk-sac-derived 55 macrophages are fibrogenic, while HSC-derived macrophages are immunogenic. This raises the 56 possibility that developmental programs influence how macrophages differentially respond to disease 57 insults [14] . 58
Renal macrophages are found in an intricate network surrounding the renal tubular epithelium 59 [15] [16] [17] and have mixed origins from both yolk-sac and HSC [3, 6, 8, 18] . They exert unique functions 60 depending on their anatomical locations; monitoring and clearing immune complexes is a function of 61 cortical macrophages while bacterial immunity is the responsibility of medullary macrophages [15, 16] . 62
Renal macrophages critically control renal inflammation and tissue remodeling after injury with robust 63 phenotypic reprogramming [19] . Despite the importance of these roles, little is known about how the 64 proportion and distribution of macrophages of different ontogeny change over time in the normal kidney 65 and whether this influences the increased susceptibility and poorer outcomes of older patients to acute 66 and chronic kidney diseases [20] [21] [22] . While most preclinical models of kidney diseases have used young 67 animals, recent papers highlight distinct immune responses in aged mouse kidneys. Aged kidneys 68 exhibit more severe inflammation than young kidneys in response to ischemic and toxic insults, leading 69 to maladaptive repair and organ dysfunction [22, 23] . Furthermore, there is a growing interest in aging 70 as a fundamental determinant of macrophage heterogeneity, such as in the heart and serous cavities [24-71 26] . However, data on the effects of aging on the renal macrophage populations are lacking. Here, using 72 complementary in vivo genetic fate-mapping and parabiotic approaches, we identify a previously 73 unappreciated increase in the proportion of yolk-sac-derived macrophages in the kidney with age. 74
Results and Discussion: 75
Two complementary strategies were used to fate-map CSF1R + , and CX3CR1 + yolk-sac-derived 76 macrophages ( Fig. 1A) . These partly overlapping populations appear in the yolk-sac around E8.5. 77
Subsequently, from E9.0 until E14.5, they proliferate, migrate, and colonize the embryo through the 78 vascular system [9, 18] . To lineage-label these cells, we exposed Csf1r-Mer-iCre-Mer; Rosa26-79 tdTomato and Cx3Cr1-CreER; Rosa26-tdTomato embryos to 4-hydroxytamoxifen (4-OHT) at E8.5 and 80 E9.5, respectively ( Fig. 1A) , [1] . This efficiently and irreversibly labels yolk-sac-derived macrophages 81 with the tdTomato reporter. Importantly, the approach does not label fetal monocytes or HSCs, as we 82 recently determined by single-cell RNA sequencing at E14.5 (Y.Y et al., in revision) . 83
At postnatal day 0 (P0), we detected a small number of tdTomato + cells in kidneys from both 84 lines ( Fig. 1 and 2) . A previous fate-mapping strategy that labels all HSC-derived cells indicated that 40 85 to 50% of tissue-resident macrophages in the young adult kidney originate from HSC; the remainder 86 was inferred to derive from yolk-sac hematopoiesis [3] . Consistent with this inference, we found 87 CX3CR1-lineage labeled cells in kidneys from birth, with numbers increasing progressively over time (2 88 weeks, 2 months and 6 months; Fig. 1, B and C) . Surprisingly, we observed an unexpected large 89 increase in the proportion of tdTomato-positive cells relative to total F4/80-positive cells at 6 months, 90 especially in the cortex and outer medulla, despite no significant change in the number of F4/80-positive 91 cells per section. This increase was maintained up to 1 year (Fig. 1B) . The tdTomato-labeled cells were 92 positive for mature macrophage markers, F4/80 and CD64 (Fig. 1D) , [17, 27] . By contrast, we observed 93 only a few F4/80-positive CSF1R-lineage cells inside the kidneys (Fig. 2, B and C), as reported 94 previously [3] . These data demonstrate that CX3CR1 + yolk-sac macrophages and their descendants are 95 major contributors to the resident renal macrophage population in aged kidneys. 96
Our findings raise the question of the underlying mechanisms responsible for the chronological 97 shift of macrophage composition. One possibility is recruitment of yolk-sac-derived macrophages from 98 extra-renal reservoirs through the circulation. To test this hypothesis, we generated a parabiotic union 99 between young Cx3cr1 GFP/+ and Cx3cr1Cre ER ; Rosa26-tdTomato mice that had been exposed to 4-OHT 100 in utero at E9.5 (Fig. 3A) . Effective blood sharing between the pair was confirmed by detecting 101
Cx3cr1-promoter-driven GFP expression in bone marrow cells derived from both mice (data not shown). 102
When analyzed at 5 weeks after parabiosis, we found a few tdTomato + cells in the extravascular, 103 interstitial area of the cortex and medulla of the Cx3Cr1 GFP parabiont kidneys (Fig. 3, B and C) . These 104 results show that circulating yolk-sac macrophage descendants can slowly contribute to the adult renal 105 macrophage pool. Currently, the origin of the circulating CX3CR1-lineage cells is not known but we 106 speculate that one site is the spleen, which we recently identified as a reservoir of CX3CR1 + yolk-sac 107 macrophages (Y.Y. in revision). 108
We also tested whether the proliferation of yolk-sac-derived renal macrophages can potentially 109 contribute to their population dynamics. Cx3cr1 lineage-labeled cells that express the proliferation 110 marker, Ki67, are present in kidneys from birth (Fig. 3, D and E) . Although the percentage declines with 111 age, Ki67 + cells are still present at 6 months, indicating that yolk-sac-derived macrophages retain the 112 potential to expand in numbers through proliferation. 113
In conclusion, we have shown here that the proportion of yolk-sac-derived, CX3CR1-positive, 114 macrophages increases significantly in the kidney with age, with recruitment from the circulation and 115 proliferation being two possible mechanisms. Our findings provide a foundation for future studies to 116 investigate the functional heterogeneity of ontogenically distinct renal macrophages in younger versus 117 aged kidneys. These future studies may provide novel insight into age-related susceptibility of the 118 kidney to acute and chronic diseases. 119 120
Materials and Methods: 121
Study approval. All experiments were performed according to IACUC-approved protocols. 122
Animals. The mouse lines were from the Jackson Laboratory (Stock No: 019098; 020940; 007914; and 123 005582). 75μg/g body weight of 4-hydroxytamoxifen (4-OHT; Sigma Aldrich, St. Louis, MO) dissolved 124 in corn oil (Sigma Aldrich) was intraperitoneally administered into pregnant dams with 37.5μg/g body 125 weight progesterone (Sigma Aldrich) to avoid fetal abortions. Mice without 4-OHT treatment were used 126 for the specificity of tdTomato signals (Figure 1 supplement figure 1 ). Animals were allocated to the 127 experimental group randomly into experimental groups and analyses. To determine experimental group 128 sizes, data from our previous study (Y.Y in revision) were used to estimate the required numbers. 129
Antibodies and Sample Processing. Primary antibodies: F4/80 (Bio-Rad, Hecules, CA; clone Cl:A3-130 1), CD64 (Bio-Rad; clone AT152-9), Endomucin (Abcam; Cambridge, UK; clone V.7C7.1) , Ki67 131 (eBioscience, San Diego, CA; clone SolA15 and Thermo, Waltham, MA; clone SP6), GFP (MBL, 132 Nagoya, Japan; cat. #598), and dsRed (Rockland, Limerick, PA; cat. #600-401-379). Fluorescent-133 labeled secondary antibodies were used appropriately. 7-µm cryosections were stained using standard 134 protocols. Images were captured using Axio imager and 780 confocal microscopes (Zeiss, Oberkochen, 135 Germany). More than 3 randomly selected areas from 3 to 5 kidneys were imaged and quantified using 136
Image-J. 137
Statistics and Reproducibility. Results are expressed as means ± SD. One-way ANOVA followed by 138
Dunnett's correction was used. A P value less than 0.05 was considered statistically significant. CX3CR1-lineage cells in Cx3cr1 GFP parabiont. Note that tdTomato + cells were detected in extravascular 285 interstitium (n = 4 per group). Endomucin; an endothelial cell marker. *, lumen of capillaries. 286
Arrowheads, CX3CR1-lineage cells from circulation. (D and E) CX3CR1 + yolk-sac macrophages 287 proliferate in neonatal and aged kidneys. Cx3Cr1Cre ER ; Rosa26-tdTomato mice were treated with 4-288 hydroxytamoxifen (4-OHT) at E9.5 (n = 3-5). Arrowheads: Ki67 + CX3CR1-lineage cells. Percentage of 289
Ki67 + tdTomato + cells to total tdTomato + cells are shown in E. Data are represented as means ± S.D. 290 ***, P<0.001; ****, P<0.0001; n.s., not significant. Scale bars: 20 µm. 291
